
w —.

i

(
4

i

m f —.

THE

TECHNICAL NOTE 2235

BOUNDARY-UYERANDSTALL~GCHARACTERISTICS
.

OF THENACA643010AIRFOILSECTION

ByRobertF. Peterson

AmesAeronautical
MoffettField,

Laboratory
Calif.

Washington
November1950

{—

1

,

.



\

.

—.. — ____
TECHLfBR&yKAFB,NM

~ Iu!ulllllllillilllll-t10b5Cib5
N4TIONALADVISORYC@MITTEEFORAERONAUTICS

TECHWICALNO’$E2235

THEBOUNDARY’-IAYERm sT.AILmGCIMIWTERISTICS

OFTIE!

.

NACA@MKXIOAIRFOILSECTION

ByRobertF.Peterson

SUMMARY .

A wind-tunnelinvestigationoftheNACA@+AC)10airfoilseotionwas
. conauotedtodeterminetheboundary-layerandstalllngdmrmteristim
atlowspeed.Thetestswereqde ataReynoldsnumberof4.1million’
andinoludedforoemeasurements,pressure-distributimmeasurements,flow
studiesbytheliquid-filmtechnique,andboundary-layermeasurmexrts.

A smallregionofseparatedflowwasevident,neartheleaddngedge
ontheuppersurfaoeoftheairfoilatpositiveanglesofattaok;this
regionmovedforwardandbemmenarrowerastheangleofattaokwas ‘ -
increased.Atanangleofattaokof9.50theseparatedflowfailedto
reattaohtothesurfaoe,oausingthestall.Sinoetherewasnoturbulent
separationatthetrailingedge,thelift+urvepeakwassharpandthe
stallomurredsuddenlyandwithnowarning.

IIW!RODUCTION

AnimestfgationoftheImmdary-layerandstallingdmraoteristim
‘ oftheN4CA@+AOIOairfoilsectionwasundertakenintieAmes7-byl(l+oot
wind+muelNo.1beoausethissection,withotherthinairfoilsections
oftheWA 63-ma&series,ismrrentlybeingwidelyconsideredfor .

‘useonhigh-speedandswept+ingairoraft,andspedfi~knowledgeofthe
flowassociatedwiththissectionwouldbeparticularlyvaluable.

Investigationsoftheboundary-layerandsta~n dmraoteristicsof .
theNAM 63pm2, 63+09,and~AO06airfoilseotionshavebeenreported
inreferences1,2,and3,respectively.ThestallsofboththeNACA631+2
andthel’UCA63+x19airfoilsectionswereveryabruptandooourredwhen
theseparatedlmundsq@yerneartheleadingedgefailedtoreattaohto
thesurl%oeoftheairfoil.TheNACA6kAO06sectionhada well-rounded
I.ift+urvepeakbecausethestallwasoausedbya gradualohordwisegrowth
fromtheleadlngedgeoftheregionofseparatedflowovertheupper
SW?IWX.WiththeNACA~AO06seotion,o~
pointofreattachmentoftheseparated.flowwas
theairfoil.

wasobtainedwhenthe
nearthetrailingedgeof
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ThisreportGontainstheresultsofthemeasurementsoftheaerody-
.

namicforcesandmoments,chordwisedistributionsc&pressure,andveloc-
itieswithinthelmmdarylayer.Studiesoftheflowpatternsnearthe
leadhgedgewerealsomade%ya techniqueemployinga thinfilmofliquid

“

appliedtothesurfaoe.AlltestswereconductedataReynoldsmuiberof
4.1millionandaMachnumberof0.167. .
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wingchoti,feet
/~

)sectiondragcoefficient~x

section

section
point

pitchip&mUentcoefficientrefereedtothequarte=hord

dng perunit span,pounds

free-streamtotalpressure,

liftperunitspan,pounds

.,m per square foot

pitchingmcmentperunitspan,pound+?eet

localstaticpressure,poundsFersquszefoot

free-streamdynamicpressure,poundspersquarefoot
Ho_P

pressurecoeffioient
()T

localvelocityinsideboundarylayer,feetpersecond

localvelocityoutsideboundarylayer,feetpersecond -

distsnce

cW31xmce

sngleof

fromairfoilleaiUngedgeparalleltochordline,feet

aboveairfoil&u?face,feet

attack,degrees
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MODEL

ThemodelwasbuiltwithanNACA@AOIOairfoilsection,a 3-1/2+?oot
chord(seereferencek forordinates),anda plain,30-percent-chord,
trailing+dgeflap.Forthepurposesofthistest,theflapwascompletely
sealedandwasnotdeflected.

Circularplates,6feetindiameter~wereattachedtoeachendofthe
modelandformeda pertofthetunnelfloorandceiling.

.
Atthemidspan

tidedforobtaining
isshownmountedin

Thewind-tunnel
pitchingmoment.

qectionofthemodel,a rowofflushorificeswaspr~
thechordwisepressure4istributiondata.Themodel
thewindtunnelinfigure1.

manometersconnected

Theliquid+ilm

TESTSANDAPPARATUS

balancesystemwasusedtomeasurethelift,dreg,
Surfacepressuredatawereobtainedbyphotogm@ibg
totheorifices.

technique,asdescribedinreference2,wasusedto
indicatethecharacteristico?theboundarylayernearthe-leadingedge
endtopetitmeasurementofthechordwiseextentoftheseparatedflow
inthisregion.Themeasurementsweremadefromtheleaddngedgeofthe
model,paralleltothechordlJne.

Thebo~lsyer datawereobtainedwithsmall.pr.%ssur~ensing
rakesattachedtothesurfaceofthemodel.Thetotsl-~ssuretubes
usedintheboundary+.rsurveyrakeswereofstadnlesssteelwitha
wallthicknessOf0.0025H, flattenedsothattheopO* pOrpOtiCU-
lartothesurfaceoftheairfoilwas0.002inch.Thecenterlineof
thetubeonthesurfaceofthemodelwastherefore0.0035inchabovethe
surface,precludingmeasurementsofthetruetotalpress- atthe ,
surface.MeasurementsofthesurfacestaticpressureBytlwflushori-
ficesinthemodelweresupplementedbyadditionalmeasurementswitha
movablestatic~essuret~e onthesurfaceofthemodel.

RESULTSANDDISCUSSION

Noneofthedataofthepresentreporthasbeencorrectedforwind-
tunnel+alleffectsbecausethesecorrectionscould.havebeenappliedonly
topartofthedata.Correctionstoboundary-layerdata,suchasvelocity–
profilemeasurements,arenotavailable.Fui%hermore,thecorrectionsto
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foroeandthepresaure+iistrihtionda~ arenotofa naturetoaffect
signifimnoeoftheoonolusionsdrawn.

.

ForoeandMo&t Cheracteristios

Thelift,drag,andpitching+omentcharacteristicsareshownin
figure2. Ascanbeseenfromtiecnzrves@ motionMft coefficient
versusangleofattack,thestallwasverysuddenandommrredwithno
detectablewarning.Itistobenoticedthatthemaximumvalueofthe
seotionliftcoefficientobtainedfromintegratingthepressuredistribu-
tionishi@erthanthatfortheforce+neasuremetictc?ve.Theflowatthe
centerofthemodel,wherethepressureorificeswere,wassmoothathigh
anglesofattaok,butattheendsofthemodeltheflowwasdisturbedby
theboundarylayerofthetunnelfloorandceiling.T~s dAsturbanoe
causeda 10SSofU&t attheendsofthemodelathighamglesofattaok,
andsinoethevalueindicatedbythebalamesystemwasanaveragellft
forthewholewing,itwasnaturallylessatthemaximumliftcoefficient
thanwasshownbythepressuredistribution.

ThedragcurvesalsoshowclifferenoOsinthevaluesoftheooeffioients
obtainedbythetwomethods.Thedragobtainedfrcmthepressuredistrib-
utionsdoesnot~ontainthedragduetotheend.plates,nordoesitcon-
tainthesldnfriotion,bothofwhichareinoludedinthedataobtained
frcmtheforoemeasurements.

Thepitching+nomentcurvesobtainedbythetwomethodsagreewithin
cqerimerrtalaccuraoyandhavethesameform. .

.—. .

PressureDistributions 1

ThechordwisevariationofthepressurecoeffioientS forvarious
valuesoftheliftcoefficientisgiveninfigure3. Thesepressurecoef-
ficientsaretheUnom’rected,observedvalues.Thepeak-pressurecoef- ‘
ficientsgrewuniformlywithincreasingmgle ofattaokuntilthemaximum
sectionliftcoefficientof1.07wasattained(a= 9.5°). Whentheair-
foilstalled,theprOssurep&k oollapsedanda regionofapprmhmtely
oonstantpressureformedoverthenoseoftheairfoil,extendingbaokto
l>peroentchord,afterwhichtherewasa partialpressureremxery,
althoughfree-streamstaticpressurewasnotregdnedatthetrailingedge.

‘CorrectedaerodynsmlodatafortheNACA&AOIOsec$tionmaybeobtained
fromreferenoe4. “

.

.
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Figure4 showsthepressureooeffioientsplottedagainstangleof
attaokforgivenohordwisestations.Thesmalldisoontinuitiesinthe
ourvesareoausedbythepresenoeofa small‘bubble*tofseparatedflow
neartheleadingedge.’b referenoe2,thisphenomenonofsepsmationand
reattachmentis~hinea indetail.

Figure5 showsthevariationinlooationandexte?rtoftheregionof
separatedflowasdetermhedbytheliquid+ilmmsthodforboththe “
NACA6hAO10airfoil“seotionandtheNACA63+09airfoilseotionfrom
referenoe2. Thesedataagreequalitativelyuptoa value”ofthe~t
ooeffioient(02= 0.99)justpriortothestall.Thisistobe expeoted.,
inasmuohastheordinatesofthetwoairfoilsagreewithintwo-bnthsof
1 peroentatthel~peroentihordstation,andWe dlfferenoebetweenthe
twoseotionsaheadofthisstationdeoreases.Furthermore,theleading-
edgeradiiare0.631-andO.687-peroentohordfortheNACA63-oo9and
NACA6kAO10airfoils,respectively. .

.

Inoomparingthedatafromreferenoe2 withthatofthepresentreport
(fig.5),Itshould.beborneinmindthatthetwotestswereoonauoteda%
differentReynoldsnmibersand,asispointedoutinreferenoe2,thechord-
wiseextent~ thebubbleshouldinoreasewithdecreasingReynoldsnruiber.

FortheNACA&AOIOairfoilata valueoftheliftooeffioientof0.99,
thereweretwoseparateanddistinotbandsoffrothy~g.da,witha moist
areabetweenthem.Theairfoilsurfaoeimmediatelybehindthesecondbemd
appearedrelativelydry.Thesetwofrothyregionshavebeenpreviously
observedonanNACA~AOIOairfoilwiththeliquid+filmmethod.Thefaotors
thatcausethemarenotasyetunam.wtood,althoughitisBelievedthatthe
frontandre= bandsdefineseparationandreattachment,respectively.

.

Duetoslightirregularitiesinthesurfaoeofthemodel,thechord-
wiseextentoftheregionofseparatedflowwasnotuniformamossthespan.
Therefore,eaohtestoonditionwasrepeated,andthedistanoesofthepoints
ofseparation@ reattaobmentfromtheleadingedgeweremeasuredat ~
severalrandomlyseleotedspanwisestations.I?igure5
of thevaluesasa solidlinewiththesynibolsshuwing
aitions●

slimstheaverage
theextremeoo-

Boundary~eyerMeasurements

Boundary-laye~elooityprofilesweremeasuredfrom>peroentto
go-percentohord,ooverhgtheo~lete liftramgeateaohofthestations.
Noseparationoftheturbulentboundarylayernearthetrailingedgewas
observed,givingadditionalprooftothebeliefthatthestallwascaused

.
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6 NACATN2235

byfailureoftheseparatedboundarytierneartheleadingedgeto
reattmhtothesurfaoe.Figure6presentstheboundary-lqer-welooity
profilesfor80-peroentchord,showingthattheboundarylayerwas
attaoheduptoandinolud.ingthemaximumliftooeffioient.Sinoeall*e
botmdary-layer+elooity profilesweresindlartothese,noothershave
beeninoluded.

Tatal-pressuremeasurementsweremadealongthesurfacewitha flatt-
enedtubeasfarforwardasl/8=peroentohord,endthevelocitiesoalcnz-
latedtherefrem,usingappro@atestatic~ess~es~arePresentedin
figure7 assurfau=elocity~atiou/U.Wherethesurfam+velocityratio
waszero,thefltiwasconsideredtobeseparatedfromthesurfaoe.The
truepointofseparationwasslightlyaheadofwhereitisshownin
fi~e 7beoausethepressuremeasuredbythesurfaoetubewastheaverage
pressurebetweenO.0CQ5and0.0045inohfromthesurface.Inviewofthe
sizeofthetube,itisprobablethattherewereregionsofseparatedflow
atlowanglesofattaokwhiohweretoothintobedetected.Thedataof
figure7foranangle& attaokof4°donotcontaina valueof u~ = O.
However,thetrendsoftheourveincomparisonwiththoseforhigher
anglesofattaokindicatethata regionofseparationmayhavebeenpresent
%ehindx/o= 0.012.Thisisfurthercorroboratedbytheresultspre-
sentedinfigure4. Foranglesofattaokgreaterthan4°,theseparated
regionwasclearlyevident;itmovedforwardandbeciamenarrowerwith
inoreashgangleofattack.Thedoubl~~edarrowsinfigure7 arefor
thepurposeofidentifyingthecurvesonoppositesidesd theregionof
separatedflow,althoughtheydogiveanindicationofthesizeandlooa-
tionoftheseparatedbubble.Theourveforanangleofattaokof9°is
shownonlyinfrontoftheregionofseparatedflow(toX/o= O.005),and

.

doesnotreappearbecausethepresenceofthevelooity+eaeuringtubeson
thesurfaoeofthemodelneartheleadingedgeoaueedthestalltooocur
atanangleofattaokof9°..

CONCLUSIONS

.
Theinvestigationofthebo&-layer

oftheNAOA64AO1O-oil sectionindioated
andstallingdaraoteristios
thefollowing:

1. A smallregionofseparatedflowwasevidentontheuppersurfaoe
oftheairfoilatapprazimatel.y1.2-peroentohordatanangleofattaokof
50. Foranangleofattaok& 9°,theseparatedregionhadmovedforward
to0.4-peroentchordandhadbeoomenarrower.Atanemgleofattackof
9.5°theflowfailedtoreattachtothesurfaoe,causingtheairfoilto
stallverysuddenlywithnowarning.Thistypeof6tallgivesa sharp
peaktotheliftcurvewithlittleohangeofslopeofthecurvepriorto
thestall. ‘

.
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2. Thepressureooeffioientattheleadingedgeinoreased.uniformly
withincreasingangleofattaok,andthesuddenandooqletecollapseof
thepressurepeakatthestallwassimilartothatobservedonthe~ and
12-peroent-thiokseotionsoftheNACA63+eriesairfoils.
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Figurel.- TheNACA6hAO10
wind.tunnelNo.1.

airfoilmountedinthe-S 7- by
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